Interactions across trophic levels influence plant diversity effects on ecosystem functions, but the complexity of these interactions remains poorly explored. For example, the interplay between different interactions (e.g. mutualism, predation) might be an important moderator of biodiversity-ecosystem function relationships. We tested for relationships between trophobioses (facultative ant-hemipteran mutualism) and leaf chewer herbivory in a subtropical forest biodiversity experiment. We analysed trophobiosis and herbivory data of more than 10 000 trees along a tree species richness gradient. Against expectations, chewing damage was higher on trees with trophobioses. However, the net positive relationship between trophobioses and overall herbivory depended on tree species richness, being most pronounced at low richness. Our results point to indirect, positive effects of ant-tended sap suckers on leaf chewers, potentially by altering plant defences. Direct antagonistic relationships of trophobiotic ants and leaf-chewing herbivores-frequently reported to drive community-wide effects of trophobioses in other ecosystems-seemed less relevant. However, antagonistic interactions likely contributed to the attenuating effect of tree species richness, because trophobiotic ant and herbivore communities changed from monocultures to species-rich mixtures. Our findings, therefore, suggest that biodiversity loss might lead to complex changes in higher trophic level effects on ecosystem functions, mediated by both trophic and non-trophic interactions.
Introduction
Understanding the consequences of human-induced biodiversity loss on ecosystems is increasingly being recognized as requiring a multitrophic perspective [1, 2] . A key example of integrating such a perspective into biodiversity and ecosystem functioning (BEF) research is the study of herbivory. Herbivory provides a nexus of multitrophic interaction effects and feedback processes that influence important ecosystem processes and functions [2] [3] [4] [5] [6] . Recent studies have shown that the bottom-up and top-down effects that influence herbivory and its impact on plant performance are sensitive to the loss of plant diversity [4, 7, 8] .
However, whereas the role of direct trophic effects on plant diversityherbivory relationships has received much attention (e.g. [4, 9, 10] ), we are only beginning to unravel the complexity of the many indirect and non-trophic effects that might contribute to mediating these relationships. Indirect effects & 2017 The Author(s) Published by the Royal Society. All rights reserved.
include the modification of plant palatability and defence by plant pathogens or different functional groups of herbivores [11 -13] . Moreover, non-consumptive effects of predators can have an important influence on herbivores (e.g. by altering herbivore foraging behaviour [14, 15] ). However, the consequences of such interactions in a BEF context remain poorly explored [9, 16] .
The mutualism between sap-sucking herbivores and ants combines potential trophic and non-trophic interactions, making it a suitable system for investigating the role of direct consumptive versus indirect non-consumptive effects on herbivory. Many ant species engage in trophobioses with hemipteran sap suckers, where hemipterans provide ants with sugar-rich excretes in exchange for protection from enemies [17] . While at first sight this mutualism might seem detrimental to plants, because it increases sap-sucker abundances and damage, many studies have shown that net effects on plants are often positive [18] [19] [20] . This is because tending ants not only deter potential predators of their hemipteran partners. They also deter or predate on non-tended herbivores, such as leaf chewers, that often cause larger amounts of damage than sucking hemipterans [18] [19] [20] .
Nevertheless, some studies have also reported opposite patterns that result in stronger herbivory effects and therefore in net negative effects of trophobioses on plants [18] . This can be the case when the negative direct (sap-sucking damage) or indirect (e.g. changes in plant quality for other herbivores) effects induced by sap suckers outweigh the positive effects of tending ants on the control of non-trophobiotic herbivores [21 -24] . For example, sucking insects induce plant defence pathways that can interfere with defence against leaf chewers (e.g. signalling crosstalk or direct inhibition of defense signal induction [12, 13] ), thereby promoting leaf-chewing damage [12, 25] . Moreover, direct ant effects on non-tended herbivores may depend on the density of these herbivores, with stronger effects expected when densities and, therefore, encounter rates with ants are high [18, 23] .
Whether net effects of trophobioses on herbivory and plant performance are positive or negative may ultimately depend on the identities of the hemipteran and ant species involved in the mutualism and the other arthropod species potentially affected by this mutualism [18, 20, 23] . This makes the study of the interactions between trophobioses and herbivory highly relevant for BEF research, because the loss of plant diversity has been shown to affect both the characteristics of trophobiotic interactions [26] and the overall community composition of arthropod predators and herbivores [27] [28] [29] . However, we are aware of only one study that has directly tested whether the effects of trophobioses on herbivores, predators and plant performance are influenced by changes in plant diversity [9] . This study used a narrow diversity gradient (up to three coniferous tree species) in a temperate forest experiment right after planting. We currently lack an understanding of how diversity loss might influence the effects of trophobioses on herbivory in more diverse ecosystems and at lower latitudes, where such effects are considered to play a particularly important role [19, 20] .
Here, we tested whether overall herbivory (caused mainly by leaf-chewing insects, such as weevils and leaf beetles) on trees in a large-scale forest biodiversity experiment in subtropical China is related to quantitative and qualitative characteristics of trophobioses, and whether this relationship is affected by tree species richness. We analysed data of more than 10 000 trees on 281 study plots along a gradient in tree species richness from monocultures to mixtures with up to 24 species. We tested for relationships between herbivory and the presence and number of trophobioses, overall abundance of hemipterans and ants, as well as potential impacts of dominant ant and hemipteran species, which can help to tease apart whether and how trophobioses and overall herbivory are interlinked via direct or indirect relationships. Previous work in our study system revealed an increase with tree species richness in both leaf chewer abundance and the number of trophobioses ( [8, 26] , F Fornoff, AM Klein, N Blü thgen, M Staab 2017, unpubl. data), indicating a potential for increased encounter rates between the dominant herbivores and trophobiotic ants. We note that our study lacks manipulation of trophobioses and herbivory, which means that assumptions about the causality of observed relationships need to be evaluated with care. However, previous studies have highlighted the pervasive effects of trophobiotic ants on non-tended herbivores and other predators [18] [19] [20] [21] . We, therefore, hypothesized that (i) overall herbivory on trees with trophobioses is reduced because of strong antagonistic interactions between trophobiotic ants and leaf-chewing herbivores. Moreover, we expected that (ii) this potential topdown effect becomes more pronounced with increasing tree species richness because of increased encounter rates between ants and leaf chewers. [31] . On each plot, 400 trees were planted in a regular grid of 20 rows and 20 columns, with a planting distance of 1.3 m between trees. Species were randomly assigned to the planting positions within each plot, and the total number of individuals per plot was divided equally among the planted species. For further details on the planting design, see Bruelheide et al. [31] .
Material and methods
For our analyses, we selected all plots of the experiment which contained no additional manipulation of shrub species richness (see [31] for details on the design of the BEF-China experiment). The studied plots comprised replicated monocultures of all tree species, and nested mixtures of species (with non-overlapping species compositions of replicate plots within a diversity level) drawn from the pool of all tree species per site. In total, we sampled 281 plots (excluding 14 monocultures, four two-species mixtures, and one four-species mixture from the initial design due to high mortality or lack of seedling establishment), comprising monocultures (66 plots) and mixtures of 2 (84), 4 (55), 8 (40) , 16 (32) and 24 (4) species.
(b) Herbivory
Leaf damage by arthropod herbivores was assessed by visually estimating standing levels of leaf area removed at the end of the main growing season (September to beginning of October) in 2014 (Site A) and 2015 (Site B). This approach has proved useful and is widely applied when the aim is to score herbivory on a large number of plants [32] . On each tree, we selected three branches (spread across the canopy to include leaves from the upper and lower canopy regions and from different sides of the canopy) and scored herbivory on each branch on seven fully expanded leaves produced in the current growing season. We used a well-established percentage class system of leaf damage corresponding to damage levels of 0%, 1 -5%, 6 -25%, 26 -50%, 51 -75% and 75 -100% [8, 33] . For the statistical analyses, we used the mean of each percentage class. Trees were sampled in the centre of each plot to minimize edge effects. To ensure that data of each tree species were replicated with several individuals in all mixtures, we increased the number of sampled trees from 6 Â 6 (¼36) individuals in monoculture and two-species mixture plots to 9 Â 9 (¼81) individuals in the four-species mixtures and 12 Â 12 (¼144) individuals in mixtures with 8, 16 and 24 tree species.
(c) Trophobioses
The same trees sampled for herbivory were inspected for trophobioses in a separate sampling campaign, but at the same time of the year (September to beginning of October), on both study sites in 2014. On each tree, three branches were randomly selected and six to eight leaves (counted from the tip of the attached branch sections), summing to a total of 20 young leaves, were visually inspected for the occurrence and the number of sap-sucking Hemiptera and honeydew-collecting ants [26] . The occurrence of trophobioses on each of the leaves or the intermediate branch sections was counted as an individual trophobiosis, irrespective of the number of Hemiptera or ants involved [34, 35] . In the rare case of multiple ant or Hemiptera species being present at the same leaf or branch section, each unique combination of Hemiptera and ant species was counted as individual trophobiosis, as it represents an independent trophic interaction. Subsequently, trees were classified as featuring trophobioses if at least one trophobiotic interaction between ants and hemipterans was observed on one of the sampled parts of the trees. For common and conspicuous trophobioses, ants and Hemiptera were identified in the field. For less common trophobioses, voucher specimens were collected (stored in 99% ethanol). Vouchers were then grouped into morphospecies and identified to the lowest possible taxonomic level: aphids (Hemiptera: Aphidoidea) were identified using Blackman & Eastop [36] ; ants were first assorted to genera and then identified to species level whenever possible with primary taxonomic literature and the Antweb Database (www.antweb.org, [37] ).
(d) Environmental variables
We used plot-level data on mean elevation (metres), slope (8) and 'northness' (cosine-transformed radian values of aspect) as covariables, because of the heterogeneous topography of our study site. Data were obtained from a 5 m digital elevation model that was established based on differential GPS measurements when the experiment was started. Because the number of trees can vary among plots owing to tree mortality, we also included tree density as a covariable. Tree density was calculated as the ratio of live trees sampled for herbivory to the number of planting positions checked per plot. We also assessed neighbourhood tree species richness, the number of tree species in the eight planting positions directly surrounding each focal tree, as an alternative measurement of tree species richness at a finer spatial scale than plot-level richness.
(e) Statistical analyses
As the scale of our main analyses was the individual tree, we averaged leaf damage across all leaves per tree. We used linear mixed-effects models to test for relationships between mean herbivory per tree (as response variable) and trophobioses and their potential interactions with tree diversity metrics (as predictors). Because data on ants and trophobiotic hemipterans were only recorded for trees with trophobioses, we analysed our data in three steps (see electronic supplementary material, table S1 for full model specifications): (i) in the first step, we used the full data set of 11 680 trees to test whether the presence or absence of trophobioses was related to herbivory (see next paragraph for covariables and interactions included in the model). (ii) Our main analysis then focused on the trees with trophobioses, because this allowed us to add data on ant and hemipteran species. As predictors of herbivory, we used the total number of trophobioses per tree as well as the number of trophobioses of each of the four most frequent and abundant ant species, and the two most frequent and abundant hemipteran species (see Results for species names and data). In addition to these species-specific incidence data, we included the total number of ants and hemipterans involved in the trophobioses on each tree as predictors of herbivory. In an alternative analysis, we used the species-specific abundances of the four ant and the two hemipteran species per tree instead of the number of trophobioses they were involved in. (iii) Finally, we re-calculated the analyses of step (ii) with data averaged across all trees per plot (i.e. including trees without trophobioses). Plot-level data allows accounting for potential interactions of trophobioses between different tree species in a plot. It, therefore, helps to extend the results to the level of the tree communities planted per plot. In addition, because plot-level data average out the variation in the presence and number of trophobioses of individual trees (which might vary over time), the plot-level analysis can provide support for the robustness of our findings at the tree level.
In all models, we included tree species richness as a predictor. Because we were interested in the potential interactions between tree species richness and trophobioses, we also included all two-way interactions between species richness and all predictors relating to trophobioses ( presence and total or speciesspecific number of trophobioses, ant and hemipteran abundances). Elevation, slope, northness, tree density and study site were included as covariables in all analyses to control for the effects of potentially covarying environmental conditions (see electronic supplementary material, table S1). Testing for multicollinearity showed that none of the predictors were highly correlated (Pearson's r , 0.7 in all pairwise correlations). We also tested alternative models using neighbourhood tree species richness instead of plot-level tree species richness to test whether the drivers of herbivory and trophobioses might operate at spatial scales below the plot level. Plot and neighbourhood species richness were not included in the same models because of high collinearity (as plot-level richness strongly influences neighbour richness).
Tree species identity and plot identity nested in tree species composition were used as crossed random effects in the models of the first two steps. We also tested for random slope effects of tree species richness and the number of trophobioses depending on tree species identity. For the models of the third step, we used tree species composition as the sole random effect because data were averaged across trees at the plot level.
The full models in each step were simplified by stepwise deletion of non-informative interactions and predictors (including random slope effects), based on the resulting reduction in the AIC (Akaike information criterion) value of the models (using maximum-likelihood estimation). The models with the smallest number of predictors and the lowest global AIC were chosen as the most parsimonious, best-fitting models, and then recalculated with restricted maximum-likelihood estimation. All continuous predictors were standardized (mean ¼ 0; s.d. ¼ 1). Herbivory (the response variable) and data on the number of
All analyses were conducted in R 3.3.1 (http://www.R-project.org). Mixed models were analysed with the package lmerTest [38] Increases in herbivore damage can thus be attributed to leaf chewers and skeletonizers. Note that for simplicity we only refer to leaf chewers-the dominant herbivores in our study system-in the following. In total, 1680 trophobiotic interactions were observed on 1116 of the surveyed 11 860 trees (i.e. on 9.4% of all trees). Mean herbivore damage was 9.4% (+1.0 s.e.) on trees without trophobioses, and 12.2% (+1.0 s.e.) on trees with trophobioses ( figure 1) . These values differed significantly (t ¼ 3. For trees with trophobioses, herbivory was significantly related to the interaction between tree species richness and the number of trophobioses observed per tree (table 1). In monocultures, herbivory increased with an increasing number of trophobioses per tree (predicted increase of 6.2% damage, from 8.4% on trees with one recorded trophobiosis to 14.6% on trees with 10 trophobioses; figure 2) . However, the relationship between herbivory and the number of trophobioses per tree became increasingly negative across the tree species richness gradient. In the most diverse mixtures, herbivory was predicted to decrease from 12.0% on trees with one recorded trophobiosis to 9.5% on trees with 10 trophobioses (figure 2). Nevertheless, these reduced levels of herbivory were not markedly lower than the average damage observed on trees without trophobioses. This means that the negative relationship between a high incidence of trophobioses on herbivory at high tree species richness only brought down herbivory to a level comparable to, but not below, the damage observed on trees without or with a low incidence of trophobioses in monocultures (figure 2). While the low number of observations (n ¼ 12) for trees with more than four trophobioses might limit the reliability of the predictions for the maximum number of trophobioses observed per tree, the predicted relationships were robust to the exclusion of these observations (electronic supplementary material, table S3, figure S1 ). The strength of the observed tree species richness effect depended on tree species identity (electronic supplementary material, figure S2), as indicated by the best fit of models including a random slope effect of tree species richness for the tree-individual based models.
For trees with trophobioses, the total number of ants was not related to herbivory and there was no significant interaction between tree species richness and any of the ant or hemipteran predictors (table 1) . However, independent of tree species richness leaf damage significantly decreased with an increasing number of trophobioses of the most common ant species, T. wroughtonii ( predicted decrease in herbivory of 3.0% from 11.6% for trees without T. wroughtonii to 8.6% for trees with 10 T. wroughtonii trophobioses; table 1, figure 3a) . By contrast, herbivory increased on trees with an increasing number of trophobioses of P. dives (predicted increase of 2.7%; table 1, figure 3b). Herbivory was unrelated to the number of trophobioses of the ants C. cf. rogenhoferi and T. brunneus, as well as to the number of trophobioses of the aphid species E. tattakanum, E. heterotrichum and the summed abundance of all hemipterans involved in trophobioses. Results were similar when species-specific abundance data (rather than the species-specific number of trophobioses) of the ant and hemipteran species were used in the analyses (electronic supplementary material, table S4).
When individual tree data were averaged at the level of the study plots, the mediating effect of tree species richness was no longer discernible and herbivory showed a significant positive relationship with the number of trophobioses (as well as with tree species richness; electronic supplementary material, table S6, figure S3) . Likewise, the direct relationship between T. wroughtonii and herbivory was not discernible at the plot level (electronic supplementary material, table S6).
Tree species richness was not related to the number of species-specific trophobioses of any of the ant and hemipteran species considered individually in our study, nor was it related to ant or hemipteran abundances ( p . 0.05 in all cases). However, the presence of T. wroughtonii on trees with several trophobioses decreased with increasing tree species richness (electronic supplementary material, table S5).
All of the models testing for relationships between herbivory and trophobioses were robust to the exclusion of the highest diversity level: results did not qualitatively change when the 24-species plots were excluded (electronic supplementary material, table S7). Neighbourhood tree species richness of the focal species as a predictor of herbivory, instead of tree species richness at the plot level, was not retained in the minimum-adequate models and resulted in models with lower explanatory power (all trees: AICc ¼ 18 886.6 versus AICc ¼ 18 875.7 of the model using plot-level richness; trees with trophobioses: AICc ¼ 1560.1 versus 1553.7).
Discussion
Against our expectations, we found higher, not lower, levels of leaf damage by chewing herbivores on trees with trophobioses. Considering that the relationships between leaf chewer herbivory and trophobioses are frequently assumed to be determined by direct antagonistic effects of trophobiotic ants on non-tended herbivores [18] [19] [20] , our results suggest that such antagonistic relationships are less important in our study system. Rather, the observed positive relationship between herbivory and trophobioses points to an important role of indirect, positive influences of ant-tended hemipterans on leaf chewers, potentially by altering plant defensive strategies. Importantly, however, the net relationship between trophobioses and overall herbivory levels depended on tree species richness, suggesting that interactions among higher trophic levels and their potential effects on herbivory are sensitive to biodiversity loss.
(a) Positive relationship between herbivory and trophobioses
Several explanations are conceivable for the observed pattern of higher herbivory by leaf chewers on trees with trophobioses and the increase in herbivory with an increasing number of trophobioses per tree.
First, both hemipterans and leaf chewers might independently select the tree individuals with the highest nutrient quality. Second, hemipterans might benefit from preceding leaf damage by chewing herbivores if it inhibits defence induction against sap suckers (e.g. [41] ). Both explanations are less likely because in either case we would have expected to observe an increase in the abundance of hemipterans (because trees have a particularly high nutrient quality or because of plant defence inhibition) with increasing overall herbivory (e.g. [42] ). However, neither total hemipteran abundance nor the abundance of the most frequent hemipterans were significantly related to herbivory.
A third and more likely explanation is that chewing herbivores benefitted from the damage caused by trophobiotic hemipterans (see also [21, 25] ). Many phloem-sucking herbivores (and vectored pathogens) induce salicylic acid-based plant defence pathways that have been shown to inhibit the expression of jasmonic acid (JA)-based defences (defense signalling crosstalk; [13] ). JA-based defences are effective against leaf-chewing herbivores, and the suppression of these defences by sap suckers is considered to benefit leaf chewers [12, 13] . In addition, sap-sucker damage can increase leaf quality and resource availability for leaf chewers by inducing changes in leaf nitrogen concentrations and by stimulating leaf production [11, 43] . These indirect effects on leaf chewers might depend less on the overall abundance of hemipterans, because, e.g. defence induction and the subsequent crosstalk is not necessarily a linear function of hemipteran abundance [44] . Rather, the spread of hemipteran attack across the host tree is probably important, because this increases the spread of plant responses across the entire tree. An increasing spread of attack is reflected in our study by an increasing number of trophobioses per tree, providing a possible explanation of why herbivory was positively related to the latter.
Finally, indirect interactions with ants might influence herbivores. The deterrence of other predators by trophobiotic ants to protect tended hemipterans [18, 20] can also benefit non-tended herbivores and lead to more damage by leaf chewers. A previous meta-analysis found stronger effects of trophobiotic ants on predators than on herbivores [19] , so that disproportionate ant effects on other predatory arthropods might contribute to explaining the observed patterns (see also [23, 45] ). This may also involve the deterrence of other, predatory ants, which likely explains the positive relationship of P. dives with herbivory in our study. Polyrhachis dives is a large ant species that can competitively exclude other ants from carbohydrate sources [46] . However, because P. dives relies almost exclusively on plant-based resources (see also [47] ), direct trophic effects on herbivores are not to be expected, likely explaining the overall positive relationship with herbivory. The latter two explanations both suggest that the potential direct effects of ants, as antagonists of non-tended herbivores, may not always compensate for indirect effects of trophobioses that may ultimately lead to increased levels of overall herbivore damage (see also [21] ). Differences in the relative importance of such direct and indirect effects among study systems might depend on the identity of the trophobiotic partners and on the structure of the overall arthropod community [20, 23] . For example, many of the dominant leaf chewers in our study system are beetles [29] . Because adult beetles are rather mobile, they might be able to avoid contact with ants (see also [48] ), which would decrease the effectiveness of trophobiotic ants as antagonists of these herbivores (although such effects might be dependent on tree species richness and encounter rates between ants and herbivores, see below).
(b) Mediating effects of tree species richness
Tree species richness attenuated the positive relationship between overall herbivory and the number of trophobioses. This is in line with our second hypothesis that antagonistic interactions of trophobioses, with a negative impact on herbivory, become more pronounced in more diverse plant communities. At the same time, this finding means that trophobiotic interactions have the potential to modify the direct positive effect of tree species richness on herbivory in our experiment [8] . This positive effect was evident for trees with only one observed trophobiosis, whereas an increasing number of trophobioses attenuated and reversed this effect. Again, there are several potential explanations for the observed patterns, involving either direct or indirect relationships between herbivory and trophobioses.
First, tree species richness might influence ant community composition and alter the probability of encountering particular ant species on trees with many trophobiotic hemipterans. Trophobioses are relatively stable and predictable resources, which tend to be monopolized by dominant and highly competitive ant species [49] . This, in turn, can influence the effectiveness of trophobiotic ants in deterring non-tended herbivores. None of the common ant species considered in our analyses showed a significant change in the number of trophobioses with increasing tree species richness. Only the contribution of the most common trophobiotic ant species, T. wroughtonii, to multiple trophobioses per tree decreased with increasing tree species richness. However, the direct relationship of this species with herbivory was negative, indicating that T. wroughtonii actively deterred or preyed on non-tended herbivores. This fits the observation that T. wroughtonii is a highly predatory species (Rhoptromyrmex wroughtonii in [47] ), for which honeydew is not the primary food source. However, these findings suggest that direct negative effects of common ants on herbivores are unlikely to explain the mediating effect of tree species richness.
Second, overall predation pressure on herbivores could have changed along the tree species richness gradient. Although trophobiotic ant abundance was not related to herbivory and did not significantly change with tree species richness, predators not involved in trophobioses can be important. It is often assumed that plant diversity promotes predator abundance, but previous results for forests have been ambiguous (e.g. [50] [51] [52] ). For our study site, neither the abundance nor the species richness of two important groups of invertebrate predators was related to tree species richness (web-building and freely hunting spiders [29] ). Nevertheless, changes in trophobiotic ant species composition across the tree species richness gradient [26] could, as discussed above, influence overall predator community composition and top-down control [53] . Staab et al. [26] showed that trophobiotic ants at our study site used a much wider range of trophobiotic partners in plots of high compared with plots of low tree species richness. Such an increase in generalism of the ant-hemipteran mutualism might have positive effects on other arthropod predators (and therefore on herbivore top-down control), because it reduces the impact of individual ant species that monopolize many trophobioses in monocultures and species-poor mixtures. Monopolization of trophobioses involves strong antagonistic interactions [20, 49] and other predators are often affected particularly strongly by antagonistic ants [19] .
Finally, changes in herbivore assemblage patterns could have contributed to the observed relationships. Zhang et al. [29] showed that the abundance of generalist herbivores increased with tree species richness at our study site. This may lead to higher encounter rates with ants and, therefore, to stronger negative effects of ants on herbivory [18] , particularly when ants tend multiple trophobioses and thus patrol larger parts of a tree. Deterring generalist herbivores might be more effective in plots of high tree species richness, because better opportunities for diet mixing (i.e. feeding on different tree species) make it easier for these herbivores to switch between tree individuals and to avoid trees with a larger number of trophobioses. The fact that the interaction between tree species richness and the number of trophobioses rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171489 disappeared at the plot level might point to the same mechanism. Unlike tree-level damage, plot-level damage is likely balanced by increased feeding of mobile leaf chewers on trees not guarded by trophobiotic ants. This finding and the fact that neighbourhood tree species richness did not significantly influence the relationship between trophobioses and herbivory underline the scale-dependency of diversity effects and, in our case, indicate an important role of plotlevel characteristics (e.g. by influencing predator or herbivore assemblage composition in a multi-scale process; [54] ). This needs to be considered when upscaling diversity effects from the local neighbourhood to the community level.
(c) Conclusion
The potential mechanisms discussed here are not mutually exclusive and might act in combination to determine the relationships between trophobioses on overall herbivory. We are not able to fully disentangle the relative importance of these mechanisms in our observational study and manipulative experiments are required to confirm causality (see below; although such manipulations will only be realistically feasible for a much smaller number of trees than the over 10 000 planting positions that we considered in our study). Nevertheless, our findings point to important diversitydependent changes of the indirect relationships between trophobioses and overall herbivory. Considering that even moderate levels of herbivory can affect plant performance [55] , our results suggest that biodiversity loss might lead to complex changes in the functional effects of higher trophic levels that are mediated by trophic and non-trophic interactions. Further research on the mechanisms underlying the potential trade-offs between mutualistic and antagonistic interactions may broaden the insights we can obtain from BEF research. This could involve, for example, experimentally manipulating the abundance and species identities of trophobiotic ants and hemipterans. Such research will contribute to developing a real-world understanding of the complexity that different types of interactions at higher trophic levels introduce to the relationship between biodiversity and ecosystem functioning. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171489
